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Insights into polythiol-assisted AgNP dissolution
induced by bio-relevant molecules†
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Delphine Truffier-Boutry, d Elisabeth Mintz,a Pascale Delangle, b

Aurélien Deniaud *a and Isabelle Michaud-Soret *a

The widespread use of silver nanoparticles (AgNPs) as biocides in consumer products raises concerns

about their toxicity to humans and their environmental impact. The biocidal activity is mediated by the re-

lease of AgĲI). However, this metal ion is universally toxic to living organisms. For instance, AgĲI) tightly binds

to thiol functional groups that are abundant and essential to any cell type. The first intracellular source of

thiol, glutathione, is crucial for the control of the redox balance of cells. Dissolution studies using

monothiol-containing biomolecules such as glutathione or cysteine provided controversial results, while

the impact of polythiol molecules on AgNP behavior remains unexplored. In order to gain insights into

polythiol-assisted AgNP dissolution at constant and equal thiol : Ag molarity, we studied the impact of glu-

tathione, phytochelatins with 2, 3 or 6 thiols, and copper chaperone Atx1 and its metal binding site mimic

P2, both containing 2 pre-oriented thiols to chelate CuĲI). The AgNP behavior was monitored by various

complementary physicochemical approaches. We demonstrated unambiguously that, under aerobic condi-

tions, these molecules favor AgNP dissolution into AgĲI) ions with a rate that increases with the number of

thiols per molecule as well as with their pre-orientation. We also observed that AgNP dissolution into AgĲI)

soluble species occurs progressively for the whole AgNP population. This work highlights how transforma-

tions of AgNPs are triggered by biomolecules and lays the basis for a deeper understanding of their fate in

biological/environmental systems.

1. Introduction

Silver nanoparticles (AgNPs) are the most used nanomaterial
in terms of number, as they are present in 25 to 30% of the
products declared to contain nanomaterials.1–3 AgNPs are used
as biocides in textiles, food packaging and medical devices
such as catheters or wound dressings.4,5 The biocidal activity
is due to the high toxicity of AgĲI) ions that are released from
AgNPs.6 This process is driven by AgNP oxidative dissolution,7

which requires both oxygen and protons in vitro. Three forms
of Ag co-exist in aqueous solution: Ag(0) in the NP core, AgĲI)
in solution and AgĲI) bound to the NP surface.7,8

AgNPs can thus be considered as a reservoir of AgĲI) for
long-lasting biocidal effects in the product of interest and
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Environmental significance

Silver nanoparticles (AgNPs) are increasingly used as biocides in commercial products but their impact on human health and the environment remains
puzzling. AgNP toxicity is mainly based on the release of bioavailable AgĲI) species. AgNPs are subject to other transformations during their life cycle and a
comprehensive understanding of nanoparticle fate is required for their safer use. It has already been shown that monothiol molecules can induce either
AgNP dissolution or agglomeration, while polythiols have not been studied so far. Bio-relevant polythiols from plants or mammals were shown to favor
AgNP dissolution into AgĲI) ions at increasing rates with the number of thiols per molecule and their pre-orientation. This work added some clues for a bet-
ter understanding of AgNP fate in biological/environmental systems.
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their action is due to the progressive silver ion leaching from
the NP surface under aerobic conditions.8 Molleman et al. de-
veloped a theoretical model showing that the AgĲI) release in
solution is due to oxidative dissolution of OH-bonded surface
AgĲI), while it is blocked by the penetration of oxygen radicals
into the metallic lattice followed by the formation of stable
Ag6O octahedra involving the first two atomic layers of the
NPs.9 The interplay between these two phenomena was
shown to account for numerous empirical observations, such
as the pH dependency of ion release and the stabilizing effect
of excess AgĲI) on AgNPs in solution.7,9,10 This model is con-
sistent with experimental data showing that low pH and the
presence of oxidants favor AgNP dissolution into ions,11,12

while chloride is more protective of the NP form12 as it pro-
motes AgNP agglomeration.

During their life cycle, AgNPs are dispersed in the environ-
ment where they are subjected to various transformations.
Organisms such as bacteria, plants or animals are thus ex-
posed to several Ag species with different toxic potentials. In
soil and wastewater, as has also recently been observed in
plants13 and in mammals,14 the main transformation de-
scribed for AgNPs is sulfidation.15–17 This process has been
extensively studied and leads to surface passivation that
limits AgĲI) bioavailability and therefore toxicity.15,18 Studies
performed with mammalian cell models showed that AgNPs
are endocytosed and further dissolved inside endosomes and
lysosomes into AgĲI) soluble species that distribute through-
out the cell.19,20 The kinetics of AgNP dissolution depends on
the cell type,20–22 but as observed in vitro it is favored by the
lysosomal pH decrease. Intracellular AgĲI) species become co-
ordinated by thiol-containing biomolecules, mainly glutathi-
one (GSH) and metallothionein (MT), which are important
actors in cellular metal ion homeostasis.20–23 These results
suggest that AgĲI) might replace CuĲI) or ZnĲII) in their native
binding sites, in agreement with the fact that thiolates are
soft bases that bind tightly to soft acids such as AgĲI) or CuĲI),
and with our recent description of AgĲI) coordination to thiol
biomolecules and their chemical mimics in vitro.24 Although
there is no evidence showing the direct involvement of thiol-
containing molecules in the intracellular dissolution of
AgNPs, several studies described the interaction of thiol-
containing biomolecules with AgNPs in vitro. Most of them
focused on the simplest and biologically abundant molecules,
cysteine and GSH that contain only one thiol.12 These mole-
cules have a dual behavior: they foster AgNP dissolution at low
concentrations, whereas higher concentrations induce agglom-
eration that prevents dissolution.12,25–28 Interestingly, some
pioneering works also showed that proteins with Cu-binding
sites containing at least one exposed thiol trigger AgNP disso-
lution into ions. In the case of MT, the dissolution is massive
and an amorphous Ag–MT structure has been observed
in vitro,29 while in the case of azurin it has been evidenced
that the redox properties of this protein favor surface Ag oxida-
tion and the subsequent AgĲI) release from the NPs.29,30

Nonetheless, the impact of molecules with multiple thiols
on the AgNP behavior remains unexplored, although they are

produced by living organisms and offer a wide diversity in
terms of the number of thiols as well as the molecular archi-
tecture. For instance, plants are able to synthesize GSH linear
polymers, named phytochelatins (PC, also named class III
metallothioneins) bearing between 2 and 11 thiols,31,32 which
are involved in metal detoxification and alternatively pro-
posed to be involved in metal homeostasis in plants.33,34 PC
production can be induced by metal stress including AgĲI),
and PCs are able to bind AgĲI).35 In order to understand the
mechanisms involved in thiol-assisted AgNP dissolution and
therefore to predict AgNP fate in the presence of polythiol
molecules, we analyzed this process using biomolecules as
well as chemical mimics with various numbers of thiols per
molecule and different chemical architectures. We worked in
equal Ag : S molarity in order to rule out the dependency on
the stoichiometric ratio and investigate the influence of the
scaffold geometry, thiol function orientation and chelation
properties on the dissolution. We chose a series of linear
thiol-containing biomolecules, GSH and phytochelatin2
(PC2), PC3 and PC6 that possess 1, 2, 3 and 6 thiols, respec-
tively. We also used Atx1, a eukaryote copper chaperone, and
its metal binding site mimic P2, both containing 2 thiols pre-
oriented to chelate CuĲI).36 A combination of methods was
used to study the behavior of citrate-coated AgNPs in solution
in the presence of these molecules. We found that the higher
the number of thiols on a linear backbone, the faster the
AgNP dissolution rate. Besides, the comparison of the differ-
ent molecules having two thiols demonstrated that their pre-
orientation as tight metal binding sites increases the AgNP
dissolution rate and thus highlights that the chelate effect fa-
vors AgNP dissolution.

2. Materials and methods
2.1. Chemicals

20 nm citrate-coated AgNPs were purchased from NanoComposix
(20 nm citrate BioPure™ silver), GSH was purchased from Sigma
and PC2, PC3 and PC6 were purchased from Eurogentec. The
synthesis and characterization of the cyclodecapeptide P2

ligand were previously described.36 P2, GSH, PC2, PC3 and
PC6 were resuspended in 10 mM HEPES buffer at pH 7.4.

2.2. Production of Atx1

Atx1 was produced as described previously.24,37 After purifica-
tion, Atx1 was aliquoted in 40 mM MES buffer, 400 mM NaCl
and 10% glycerol, pH 6, flash frozen in liquid nitrogen and
stored at −80 °C. Before AgNP dissolution experiment, Atx1
buffer was exchanged to 10 mM HEPES (pH 7.4) on Nap5
and Nap10 columns (GE-Healthcare). The protein concentra-
tion was determined by measuring the absorbance of the
Atx1 solution at 280 nm (ε = 5625 M−1 cm−1).

2.3. AgNP dissolution kinetics

Prior to each experiment, the concentration of the stock solu-
tion of the ligand was determined by free thiol measurement
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with Ellman's procedure using 5,5′-dithiobis-2-nitrobenzoic
acid. Each free thiol group yields 1 equivalent of 5-thio-2-
nitrobenzoic acid (ε412nm = 14 500 M−1 cm−1).38

For dissolution experiments, AgNPs were diluted to 370 μM
Ag in HEPES–citrate buffer (10 mM HEPES, 2 mM sodium cit-
rate pH 7). The ligands were added in order to obtain a final
concentration of 370 μM thiol functions. The solutions were
then incubated at 24 °C, under 400 rpm agitation for the de-
sired incubation time before Ag quantification and AgNP sur-
face plasmon resonance (SPR) signal or dynamic light scatter-
ing (DLS) measurements. The list of samples used and their
final concentrations are reported in Table S1.†

Experiments under anaerobic conditions were performed in a
glove box (Jacomex), with residual oxygen concentration of 0.05
ppm. The SPR signal was measured with an Uvikon XL spectro-
photometer connected to the glove box with an optical fiber.

2.4. Separation of AgNPs and AgĲI) species and silver
quantification by ICP-AES

At each time-point, 500 μL of AgNP/ligand solutions were
loaded on top of a 100 μL cushion of 0.7 M sucrose before
centrifugation at 21 000g for 1 h at 20 °C. The supernatant
containing soluble AgĲI) species was carefully recovered.
Supernatants and pellets were digested in closed tubes over-
night at 50 °C by addition of HNO3 to a final concentration
of 25% for the supernatant and a final concentration of 55%
for the pellet. Ag was then quantified in each fraction by in-
ductively coupled plasma atomic emission spectroscopy (ICP-
AES) using a Shimadzu ICPE-9800.

The dissolution process follows first-order kinetics that
can be mathematically described by the equation:

[% dissolved Ag(I)]t = [% dissolved Ag(I)]total·(1 − exp−kappt)

In order to determine the pseudo first-order rates (kapp)
the ln(% of remaining AgNPs) was plotted as a function of
time. Linear regressions were performed between 0 and 4
hours for the different kinetics except for PC6 where it was
done between 0 and 3 hours. The slopes were thus −kapp in
h−1 for the dissolution kinetics in the presence of the differ-
ent molecules.

2.5. AgNP SPR signal and DLS measurements

At the desired time-point, the sample was diluted five times
in HEPES–citrate buffer and transferred to a quartz cell. The
SPR signal of AgNPs was monitored by recording UV-visible
absorbance spectra between 600 and 250 nm on a Shimadzu
UV 1800 spectrophotometer. DLS measurements were carried
out at 25 °C in a UVette (Eppendorf) on a Nanostar instru-
ment (Wyatt) (detailed information is given in the ESI†).

2.6. Scanning transmission electron microscopy

2.6.1. Grid preparation and imaging. 5 μL of the sample
was directly deposited onto a nickel grid coated with a car-
bon film (mesh 300, Agar Scientific/S160 N3). The drop was

then dried in air. Scanning transmission electron microscopy
(STEM) micrographs were taken on a Zeiss MERLIN micro-
scope operated at 30 kV, using a solid-state bright-field
detector.

2.6.2. STEM micrograph analysis. Micrographs were ana-
lyzed in Fiji software.39 For each sample, the diameters of at
least 100 individual NPs were measured. The size distribution
was plotted and average diameters and standard deviations
were determined in mass function.

2.7. AF4-UVD-MALLS-ICP-MS measurement

Asymmetrical flow field-flow fractionation measurements
were conducted on GSH, P2 and Atx1 containing samples as
fully described recently in ref. 40 and in the ESI.† Briefly, a
metal free HPLC (1260 Infinity, Agilent Technologies, Santa
Clara, USA) was used to inject 50 μL of samples that were
pre-diluted 20 times in 10−4 M NaOH solution (pH 10) which
was also used as an eluent for the separation of the nano-
particles inside the trapezoidal channel (Wyatt Technology,
Goleta, USA). The Ag elemental content was analyzed on-line
thanks to an inductively coupled plasma mass spectrometer
(ICP-MS 7700×, Agilent Technologies). A UV detector (UVD)
and multi-angle laser light scattering (MALLS) instrument
were used here as online indicators of the presence of AgNPs
and their potential dissolution or aggregation, respectively.

3. Results and discussion
3.1. Kinetics of AgNP dissolution into AgĲI) soluble species

In order to analyze AgNP dissolution into AgĲI) species, time-
course experiments were performed over 24 hours. The
amount of released AgĲI) increased over time in the presence
of GSH under conditions with an equimolar amount of Ag
and sulfur (S) (Fig. 1A). In order to assess the importance of
the amount of thiol in the AgNP dissolution process, the
same experiment was performed in the presence of a double
amount of GSH in the reaction mixture. A similar rate of AgĲI)
release was observed with the two different amounts of GSH
during the 24 hour kinetic experiment (Fig. S1†). The use of
an equimolar amount of thiol functions in the reaction there-
fore did not limit the AgNP dissolution process, probably be-
cause of the excess of thiols with respect to surface silver
atoms already in the 1 : 1 sample. A one to one Ag : S ratio
was thus selected for further experiments.

All the tested molecules induced the time-dependent re-
lease of AgĲI) (Fig. 1). The rate of AgĲI) release is faster during
the first 1 to 2 hours followed by a slower and continuous
AgĲI) release. Finally, the dissolution tended to slowly reach a
plateau between 10 and 24 hours of incubation, most mark-
edly for P2 and PC6. This trend has been observed also in
previous dissolution studies, and was explained as the simul-
taneous effect of the formation of insoluble AgO species in-
volving the first two atomic layers of AgNPs and of the
increased AgĲI) concentration in solution that stabilized the
otherwise labile AgOH species.9,10,41
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AgNP dissolution into AgĲI) follows first order kinetics and
pseudo first-order rate constants were determined in order to
compare the reaction induced by the different molecules
(Table 1). The comparison of the molecules that contain dif-
ferent numbers of thiol functions on a linear backbone GSH,
PC2, PC3 and PC6 showed an increase in the initial dissolu-
tion rate with the increase of thiols per molecule (Table 1)
leading to more than 10-fold faster AgNP dissolution for PC6
compared to that for GSH. Furthermore, the maximal
amount of released AgĲI) (Fig. 1A) also correlates with the
number of thiol functions present in the molecules reaching

85%, 46%, 39% and 21% for PC6, PC3, PC2 and GSH, respec-
tively. The two thiol functions in PC2 are incorporated on a
linear backbone, while the cyclodecapeptide P2 bears two sul-
fur atoms pre-oriented to form a tight metal binding site,
mimicking the Cu binding loop in the protein Atx1. P2 analy-
sis showed a more than three times faster initial AgNP disso-
lution rate (Table 1) and the maximal dissolution after 24 h
doubled compared to PC2 (Fig. 1A and B) that contained the
same amount of thiols per molecule. These results highlight
the importance of thiol pre-orientation on AgNP dissolution.
The influence of the protein backbone has been assessed
using Atx1 that inspired the molecule P2. Atx1 showed a
slightly slower dissolution rate than P2 as well as a slightly
lower maximal dissolution (Fig. 1B and Table 1). However,
these results are based on the fraction of recovered Ag that is
lower than the initial amount present in the reaction in the
case of Atx1. Indeed, Atx1 also favors AgNP agglomeration
that partly sticks to plastic tubes leading to a partial loss of
matter. Therefore, the slight difference between P2 and Atx1
can be due either to this agglomeration phenomenon or to
the protein backbone of Atx1 that would lower AgNP
dissolution.

3.2. Evolution of the AgNP SPR signal in the presence of thiol
molecules

As noble metal NPs, AgNPs show a characteristic SPR signal
with a maximum at 400 nm. This phenomenon occurs when
the frequency of photons matches the natural frequency of
surface electrons oscillating against the restoring force.42 The
intensity of the AgNP SPR signal and the wavelength of its
maximum give information about the amount of AgNPs in
solution, their agglomeration state and their coating.43 In the
case of purely monomeric AgNPs, the evolution of the inten-
sity of the SPR peak around 400 nm enables monitoring the
kinetics of AgNP dissolution into AgĲI) species. The AgNP SPR
signal intensity decreased over time in the presence of GSH
with a faster rate in the first 1.5–2 hours (Fig. 2A and B).
PC2, PC3 and PC6 induced a time-dependent decrease of
the SPR peak with a rate that increased with the number of
thiol functions per molecule (Fig. 2B and S2A–C†). The ex-
tent of the SPR signal intensity decrease after 24 hour incu-
bation was also higher with a higher number of thiols per
molecule. It reached 68%, 43%, 36% and 18% of the initial
absorbance at 400 nm with GSH, PC2, PC3 and PC6, respec-
tively. Furthermore, in all the cases the kinetics of dissolu-
tion have the same profile with a faster decrease rate in the
first 1.5 hours followed by a slower decrease rate and
reached a plateau for PC6.

The behavior of AgNPs in the presence of P2 and Atx1 was
compared with that of PC2 in order to analyze the impor-
tance of the thiol function pre-orientation and protein back-
bone on AgNP dissolution and/or agglomeration mecha-
nisms. In the presence of Atx1, in less than 15 minutes, the
SPR signal at 400 nm almost completely disappeared (5% of
the signal remaining), a broad peak appeared with a

Fig. 1 AgNP dissolution into AgĲI) species in the presence of thiol-
containing molecules. Time-dependent measurement of the fraction
of AgĲI) released from AgNPs determined by ICP-AES in the presence
of GSH, PC2, PC3 and PC6 (A), and P2 and Atx1 (B). The fraction of
AgĲI) released corresponds to the amount of Ag recovered in the
supernatant of the sucrose centrifugation divided by the total amount
of Ag recovered in both fractions (supernatant + pellet).

Table 1 AgNP dissolution rate (kapp) for the first hour of incubation of
AgNPs with thiol-containing molecules (average of at least 3 independent
experiments)

Molecule kapp (h−1) r2
Number of thiol
groups per molecule

None 0.001 0.85 —
GSH 0.034 0.96 1
PC2 0.068 0.89 2
PC3 0.121 0.89 3
PC6 0.461 0.94 6
P2 0.249 0.92 2
Atx1 0.179 0.99 2
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maximum around 550 nm (Fig. S3A†) and large agglomerates
can be visually observed in the tube. Altogether, the data
showed that Atx1 rapidly led to the massive agglomeration of
citrate-coated AgNPs. By contrast, the cyclodecapeptide P2

only induced the time-dependent decrease of the 400 nm
AgNP SPR peak (Fig. 2B and S3B†), suggesting no AgNP ag-
glomeration or aggregation. Interestingly, the decrease of the
AgNP SPR peak was significantly faster with P2 than with PC2

and reached an 82% decrease of the initial absorbance after
24 hour incubation (Fig. 2B and S3B†). These results confirm
that the thiol group pre-orientation favors AgNP dissolution
under aqueous aerobic conditions. Therefore, except for Atx1,
elemental quantification (Fig. 1A and B) and SPR analysis
(Fig. 2B) are consistent and prove that AgNPs become
dissolved into AgĲI) soluble species in the presence of thiol-
containing molecules.

The evolution of the AgNP SPR signal intensity in the pres-
ence of some of these molecules was also studied under an-
aerobic conditions in order to assess the influence of oxygen
on the previously observed phenomenon. For these experi-
ments GSH, P2 and PC6 were selected in order to keep a di-
versity of molecules in terms of the number of thiols and ar-
chitectures. In the case of GSH and P2 no significant
decrease in the AgNP SPR signal was observed (Fig. 2C). A
slight decrease of the signal appeared within the first hour of
incubation of AgNPs with PC6. The normalized optical den-
sity decreased rapidly from 1 to 0.8 and then remained stable
up to 24 hours of incubation. This decrease may most proba-
bly be due to surface effects induced by the AgNP coating by
PC6. Altogether, these data show that oxygen is strictly re-
quired for thiol-assisted AgNP dissolution. Hypoxic condi-
tions may thus slow down AgĲI) dissolution from AgNPs,
while oxidative stress and reactive oxygen species may in-
crease the rate of silver oxidation and AgĲI) release. Alto-
gether, one can suggest that only oxygen is required for AgNP
dissolution and then further chemical environments strongly
catalyze this process, such as protons and/or thiols.

3.3. Evolution of AgNP diameter in the presence of thiol
molecules

In order to monitor the diameter of the particles themselves,
i.e. the silver core only, STEM analysis was performed (Fig. 3,
S4† and Table 2).

The size distributions of AgNPs following 24 hour incuba-
tion with GSH, P2 or PC6 were determined (Fig. 3 and
Table 2). These experiments enabled the comparison of li-
gands leading to fast or slow AgNP dissolution, GSH versus
P2 and PC6. Pristine AgNPs had an average diameter of 20 ±
5 nm. The incubation of citrate-coated AgNPs with P2 or PC6
leads to a better dispersion of the NPs on the grid most prob-
ably due to the high affinity coating that replaces citrate and
thus avoids AgNP agglomeration during grid preparation
(Fig. S4A versus C and D†), particularly for P2 that leads to
purely monodisperse AgNPs on the grid. The incubation with
the three molecules also decreased the dispersion of the
AgNP size distribution (Fig. 3 and Table 2). In the case of
GSH, the smallest AgNPs (up to 11 nm) almost completely
disappeared and the largest ones were only slightly dissolved
(Fig. 3 and S4B†), leading to a diameter of 19 ± 3 nm. This re-
sult showed that AgNP dissolution induced by thiol-
containing molecules does not occur at the same rate for
AgNPs of different diameters, with the smallest being
dissolved faster and/or preferentially. In the case of P2 and

Fig. 2 AgNP SPR signal intensity analysis in the presence of thiol-
containing molecules. A) Time-dependent analysis of AgNP SPR spec-
tra in the presence of GSH between 0 and 24 hour incubation. B)
Time-dependent analysis of SPR peak intensity in the presence of GSH,
P2, PC2, PC3 and PC6 under aerobic conditions. C) Time-dependent
analysis of AgNP SPR peak intensity in the presence of GSH, P2 and
PC6 under anaerobic conditions.
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PC6, 24 hour incubation with AgNPs induced a significant de-
crease of their size, leading to diameters of 15 ± 3 nm and 14
± 3 nm for P2 and PC6, respectively (Fig. 3 and S4C and D†).

In order to corroborate our results, we calculated the aver-
age NP diameters expected after 24 hour incubation starting

from the dissolution values measured by ICP-AES (Fig. 1),
and compared them to the diameters measured by STEM
(Table 2).

We considered a purely monodisperse AgNP stock solu-
tion of 20.2 nm in diameter, the average size of the AgNP
population. The expected NP diameter d corresponding to
the percentage of dissolution experimentally determined by
ICP-AES was calculated. In the simplest case of uniform dis-
solution, the volume V of the partially dissolved NPs can be
written as:

(1)

where m is the mass of a pristine AgNP, ρ is the density of Ag
metal that can be assumed to be applicable for nano-
particulate Ag(0) (ρAg = 10.5 g cm−3), and x is the fraction of
undissolved NPs. The expected diameter d was thus calcu-
lated as:

(2)

The diameters calculated on the basis of the fraction of
dissolution determined by ICP-AES are in agreement within
the errors with the average diameters determined from STEM
micrographs (Table 2). However, the calculated diameters are
smaller than the average values determined by STEM, partic-
ularly for the small size NPs. This is probably due to the fact
that surface effects become overriding with very small AgNPs
since the external AgO layer is non-negligible and less dense
than the Ag(0) core. Besides, in mass the diameter distribu-
tion is not Gaussian, probably affecting the precision of the
calculation.

The influence of different thiol-containing molecules on
the AgNP diameter and size distribution was also monitored
by DLS (Table 2). This method is complementary to STEM
analysis, since DLS provides the hydrodynamic diameter that
is indicative of both the core of the NPs as well as their coat-
ing. Therefore, the hydrodynamic diameter changes depend
not only on AgNP dissolution but also on the size and the ex-
tent of binding of the coating molecule. Moreover, DLS is

Fig. 3 AgNP size distribution in the presence of thiol-containing mole-
cules. Histograms of AgNP diameters measured from STEM micrographs
of input AgNPs and AgNPs with GSH after 24 hour incubation (A), and
pristine AgNPs and AgNPs with P2 or PC6 after 24 hour incubation (B).

Table 2 AgNP size in the presence of thiol-containing molecules. AgNP core diameter determined by STEM, theoretical diameter based on ICP-AES re-
sults and hydrodynamic diameter and polydispersity index obtained by DLS of input citrate-coated AgNPs and following a 24 hour incubation with the
different thiol molecules

Ligand

AgNP core diameter determined
by STEM (nm, from distribution
in mass)

Theoretical diameter calculated
based on ICP-AES AgNP
dissolution results (nm)

Hydrodynamic diameter (nm)
measured by DLS (mass) after
24 h incubation (polydispersity index)

Molecular weight
of the molecules
(Da)

None 20.2 ± 4.9 at t0 20.2 24.8 (16%) at t0 —
GSH 19.1 ± 3.1 18.8 ± 0.3 23.2 (12%) 307
PC2 — 17.1 ± 0.1 20.8 (16%) 540
PC3 — 16.4 ± 0.5 20.6 (10%) 773
PC6 13.7 ± 3.3 10.5 ± 0.5 18.5 (9%) 1469
P2 14.5 ± 3.1 11.8 ± 0.6 18.7 (7%) 1090
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performed in solution and the PDI gives information on the
homogeneity of the sample in solution such as signs of ag-
glomeration. The initial particles had a hydrodynamic diame-
ter of 24.8 nm and a polydispersity index (PDI) of 16%
(Table 2). These values are higher than expected and this is
most probably due to a slight agglomeration of the NPs. This
is confirmed by the results obtained with the different thiol
molecules that coat the NPs, stabilizing them, resulting in
monodispersity and thus decreasing their PDI (Table 2) as
already observed on STEM grids (Fig. S4†). The measure-
ments after 24 hour incubation showed a decrease in hydro-
dynamic diameter with all the molecules leading to diame-
ters ranging between 18.5 and 23.2 nm (Table 2). The
differences between the molecules appeared limited and did
not reflect the extent of AgNP dissolution measured by ICP-
AES (Fig. 1). However, taking into account the molecular
weight of the ligands (Table 2), in particular for P2 and PC6,
and their high affinity for AgNPs, one can easily assume a
much larger coating layer compared to GSH, for instance.
This may explain the minimal decrease in the hydrodynamic
diameter with P2 and PC6. Therefore, a combined STEM/DLS
analysis provides complementary information.

3.4. Progressive AgNP dissolution in the presence of
thiol-containing molecules

AF4-UVD-MALLS-ICP-MS experiments were performed in or-
der to separate the different species according to their hydro-
dynamic sizes after incubation of AgNPs with GSH, P2 and
Atx1. By minimizing sample handling, this method enables
obtaining an integrated multi-parameter measurement that
gives an overview of the AgNP colloidal state and dissolution.
Without a ligand, AgNPs are eluted at a retention time of 4.7
minutes (Fig. 4A). In the presence of GSH and P2, Ag eluted
in 2 peaks after 24 hours of incubation. The first peak had a
low retention time around 0.6–0.8 minutes without any spe-
cific absorbance of AgNPs and should correspond to AgĲI)
bound to the thiol molecules (Fig. 4B). The second Ag peak
had a retention time around 4.4 and 4.2 minutes for GSH
and P2, respectively, and was associated with an absorbance
signal at 402 nm. Therefore, both GSH- and P2-coated AgNPs
eluted before citrate-coated AgNPs. These minute changes in
retention behavior can be attributed to the change in AgNP
hydrodynamics due to coating exchanges, leading to a better
dispersion as already pointed out by DLS and STEM, or due
to lower interactions with the membrane. However, under
our elution conditions, retention times could hardly be di-
rectly related to changes in AgNP primary sizes.40 The differ-
ence in the absorbance intensity of AgNP peaks is coherent
with a decrease in AgNP content when GSH or P2 are present.
Indeed, the amount of Ag associated with AgNP peaks corre-
sponds to ∼85% of the initial total Ag for GSH–AgNPs and
∼30% for P2–AgNPs after 24 hour incubation. These results
are consistent with the results obtained by ICP-AES measure-
ments (Fig. 1), for which the Ag release from AgNPs was
found to be ∼20% and ∼70% in the presence of GSH and P2,

respectively. In the case of Atx1, the fractograms clearly show
an almost complete disappearance of individual AgNPs but a
residual Ag signal is observed at high retention times (between
15 and 20 minutes), after only 4 hours of incubation (Fig. 4A).
In addition, a broad peak of AgĲI)–Atx1 species was also pres-
ent at 1–2 minutes retention time but its intensity decreased
between 4 and 24 hour incubation times reflecting the loss of
material due to adhesion to the plastic tube (Fig. 4A). The high
intensity of scattered light observed at the end of the elution
(Fig. 4C) supports the formation of AgNP heterogeneous aggre-
gates in the presence of Atx1 for a still unknown reason. This
phenomenon thus shows that a protein backbone can affect
the interaction with AgNPs and influence their behavior in so-
lution, independent of the dissolution. This agglomeration-
prone effect can decrease the AgNP dissolution extent as has
already been described with cysteine that does not induce
AgNP dissolution but a kind of passivation mechanism.10

Other one-thiol molecules have been described to protect
AgNPs by forming a tight comb-like coating.8,44 Therefore,
there is a diversity of AgNP reactivity in the presence of thiol-
containing molecules which depends on the molecular “scaf-
fold” and which remains difficult to predict.

Altogether, our AF4-UVD-MALLS-ICP-MS data confirmed
the trends in the AgNP dissolution process drawn based on
other results. Particularly, the combined analysis of STEM,
DLS and AF4-ICP-MS data showed a progressive and global
decrease of the average diameter of AgNP species in the pres-
ence of thiol molecules. Indeed, fairly homogeneous AgNP
populations are observed upon thiol-assisted dissolution. The
profiles of the AgNP diameter distributions are thus similar
all throughout the dissolution process with all AgNPs de-
creasing in size, which shows that the dissolution occurs

Fig. 4 AF4 analysis of AgNPs in the presence of GSH, P2 and Atx1.
Fractograms of species from AgNPs incubated with GSH and P2 for 24
hours and with Atx1 for 4 hours and 24 hours. The detection is based on
107Ag by ICP-MS (A); absorbance at 402 nm (B) and light scattering (C).
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progressively on all AgNPs leading to a decrease in the aver-
age diameter and not in the dispersion (Fig. 3). In the case of
GSH, the population of smaller AgNPs dissolved preferen-
tially. We managed to catch this event thanks to the slow dis-
solution in the presence of GSH. This phenomenon probably
occurs on a time scale different from the ones we explored
with the other thiolate molecules. These results are consis-
tent with the literature that describes a higher extent of dis-
solution of the smallest AgNPs into Ag(I) species both in wa-
ter and in acid pH aqueous media.11 Therefore, whether the
oxidative dissolution mechanism in place is proton- or thiol-
catalyzed, the smallest AgNPs are preferentially dissolved into
AgĲI) species.

4. Conclusions

In this work, we analyzed in detail the AgNP behavior in the
presence of a series of molecules containing thiol functional
groups. The experiments have been performed in equimolar
amounts of Ag and S regardless of the molecule and its abil-
ity to bind AgĲI). Indeed, some molecules have a higher ten-
dency to coordinate AgĲI) with 2 sulfur atoms, while others fa-
vor 3 sulfur coordination. The analysis of linear molecules
containing up to 6 thiol functions showed that the higher the
number of thiols, the faster the AgNP dissolution. We also
compared different molecules with 2 thiols and found that
the pre-orientation of the thiol triggered a chelate effect that
increased the AgNP dissolution rate.

Besides, the dissolution process combined with the
agglomeration-prone mechanism observed with Atx1 could
be more general for proteins with solvent-exposed thiol
groups. Indeed, we recently showed a similar behavior with
MT in the presence of citrate-coated AgNPs.29 In this case,
MT induced the formation of amorphous Ag–MT species of
large size observed by TEM. Besides, Ag–S rich amorphous
structures have already been observed in mammalian cells ex-
posed to AgNPs.45 The biomolecules located in these struc-
tures have not been identified but the most prominent intra-
cellular thiol-containing molecules following AgNP exposure
are GSH and MT.20–23 Therefore, one can imagine that the
phenomenon observed in vitro with Atx1 and MT is similar to
what happens inside cells. However, it is not possible to
know whether these precipitate-like structures are less toxic
to living cells since they trap AgĲI) species or whether they are
a long-lasting reservoir of AgĲI) inside cells that could in addi-
tion trigger inflammation mechanisms.

In conclusion, this work brings insight into the AgNP dis-
solution mechanism induced by polythiol molecules, which
can lead to a better understanding of the mechanisms under-
lying AgNP transformations both in the environment and in
various organisms.
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